The purposes of this study were 1) to assess the effects of 3 high-concentrate diets on enteric CH 4 production, total tract digestibility, and rumen fermentation of beef cattle, and 2) to evaluate, by life cycle assessment, the potential effects of these feeding systems on the environment. Six bulls (age of 12.4 mo and BW of 417 kg at midexperiment) of the Blond d'Aquitaine breed were assigned to 3 dietary treatments in a replicated 3 × 3 Latin square design. Diets consisted of 1) 49% natural grassland hay, 41% ground corn grain, and 10% soybean meal (hay); 2) 63% corn silage, 21% ground corn grain, and 16% soybean meal (CS); and 3) 70% ground corn grain, 16% soybean meal, and 14% wheat straw (CG). Daily CH 4 emission (g/d), measured using the sulfur hexafluoride tracer technique, was similar for the hay and CS diets and was 56% greater than for the CG diet (P < 0.001). This difference between diets was maintained when CH 4 output was expressed by unit of feed intake (P < 0.001) or digested feed (P < 0.001). Gross energy intake loss as CH 4 averaged 6.9% for the hay and CS diets and 3.2% for the CG diet (P < 0.001). Organic matter intake and GE intake did not differ between diets. Organic matter digestibility was less for the hay diet than for the CS and CG diets (P = 0.008). Digestibility of NDF was greatest for the hay diet, intermediate for the CS diet, and least for the CG diet (P = 0.02), with ADF digestibility being similar between the hay and CS diets and greater than for the CG diet (P < 0.001). The rumen pH at 5 h postfeeding was less for animals fed the CG diet compared with those fed the other 2 diets (on average, 5.1 vs. 5.9, respectively; P < 0.001). Total CH 4 emission (enteric + manure) was least for the CG diet, whereas N 2 O and CO 2 emissions were greatest for the CG diet. Total greenhouse gas emissions were least for the CG diet when C sequestration by grasslands was not taken into account.
INTRODUCTION
Greenhouse gas (GHG) emissions are a major concern for herbivore production because of the consequences for climate change (Steinfeld et al., 2006) , and among the GHG, CH 4 is most often the main gas contributing to emissions at the farm level, when expressed in CO 2 -equivalents to account for the differences in warming potential between gases (Beauchemin et al., 2010; Veysset et al., 2010 ). An increase in concentrates in the diet has been known to greatly decrease methanogenesis per unit of feed ingested (Johnson and Johnson, 1995; Martin et al., 2010) . This is mainly due to the shift in ruminal fermentation toward propionogenesis, whereas fibrous diets result in a preferential production of acetate, butyrate, and CH 4 . However, experiments carried out with very high percentages of concentrate are scarce. Comparisons between hay-based and corn silage-based diets are scarce as well, and contradictory results have been found (Kirchgessner et al., 1994; Martin et al., 2009 ). An experiment was thus carried out on finishing bulls receiving either a high-concentrate diet, a diet based on hay and concentrates, or a diet based on corn silage and concentrates. These systems are contrasted and are representative of different finishing conditions in France. Enteric CH 4 emission was determined together with other criteria for rumen fermentation and with digestibility, which can explain differences in CH 4 production. Because the effect of diets that decrease CH 4 emissions may be counterbalanced by increased emissions of N 2 O and CO 2 , a life cycle assessment (LCA) was used to estimate total GHG emissions for these 3 diets, assuming that the corresponding beef finishing systems were each based in their most probable production area in France.
MATERIALS AND METHODS
Experimental procedures were conducted in accordance with the French guidelines for the use of experimental animals and animal welfare (République Française, 1988 ).
Animals, Experimental Design, and Diets
Six young Blond d'Aquitaine bulls, aged 12.4 ± 0.7 mo and weighing on average 417 ± 25 kg at midexperiment, were housed in a tie-stall barn and were used in a replicated Latin square design during 3 experimental periods. Three dietary treatments were compared, with 2 bulls randomly assigned to each treatment at each period. Each experimental period lasted 5 wk. After a 1-wk transition period, the animals were maintained on the diet for 4 wk. Measurements were carried out in wk 5.
The 3 diets were chosen because they correspond to fattening diets used in France; the most common is a diet based on corn silage, in lowland areas (e.g., Brittany, Burgundy). In Aquitaine, which is a region of corn grain production, bulls are often fattened with high-corn diets. At least in mountainous areas, as in Auvergne, fattening (which is less frequent than in the plains) occurs with hay as forage and with purchased concentrate. On a DM basis, the 3 diets consisted of 1) 49% natural grassland hay, 41% ground corn grain, and 10% soybean meal (hay); 2) 63% corn silage, 21% ground corn grain, 16% soybean meal (CS); and 3) 70% ground corn grain, 16% soybean meal, and 14% wheat straw (CG). Hay was a first cut of semimountainous natural grassland (Auvergne, France; altitude of 850 m), with most grasses at the heading, early flowering stage, without rain during hay-making; its NDF and CP contents were 613 and 108 g/kg, respectively. Corn silage was harvested at 30% DM content, at the dough-flint stage. Animals had ad libitum access to feedstuffs (10% refusals) distributed once a day at 0900 h. The desired forage:concentrate ratio was maintained by weekly adjustment of the offered amounts of forage and concentrates, depending on the composition of the refusals of the previous day. In addition, 150 g/d of a commercial mineral-vitamin premix (Galaphos Midi herbe GR, CCPA, Aurillac, France) was added to all diets. Ingredients and chemical composition of the diets are given in Table 1 . Diets were formulated to meet energy and protein requirements according to INRA recommendations (Garcia et al., 2007) .
Measurements and Analyses
Intake. Feed intake and refusals were measured and recorded daily throughout the experiment. Dry matter content in feeds was measured at 103°C for 24 h every day for CS and twice a week for other feeds. For CS, a correction coefficient for DM content of 1.03 was taken to account for the loss of volatile compounds in the oven. A sample of each feed was taken as the same frequency as above then dried at 60°C for 72 h. These dry feed samples were pooled at the end of each experimental period, ground (0.8 mm screen), and analyzed for OM, N, NDF, ADF, starch, ether extract, and GE. Organic matter content of feeds was determined by ashing at 550° C for 6 h (AOAC, 1990). Nitrogen was analyzed by the Kjeldahl procedure (AOAC, 1990) . Neutral detergent fiber and ADF contents were determined by sequential procedures (Van Soest et al., 1991) after pretreatment with amylase. Starch was analyzed using a polarimetric method (AFNOR, 1985) . Fatty acid determination was performed by extraction with a chloroform:methanol mixture (2:1); fatty acid methyl esters were recovered in hexane and then determined by GLC according to the method of Martin et al. (2008) , and GE of feeds was determined using an adiabatic bomb calorimeter (Gallenkamp Autobomb, Loughborough, Leicestershire, UK).
Diet Digestibility. Total tract digestibility was determined from total collection of feces for the last 6 d of each period. Because the equipment in the digestibility stalls was not adequate for the derivation of urine in male cattle, feces and urine were not separated, but were collected together and were removed once daily for weighing and mixing before sampling. A first 2% aliquot was taken for DM determination (103°C for 24 h); the second 2% aliquot was dried at 60°C for 72 h, pooled across days for each animal and each period, and then ground (0.8-mm screen) and analyzed for OM, starch, NDF, and ADF as described previously.
Rumen Liquid Variables. On the last day of each period, a 50-mL sample of rumen liquid was taken by ruminocentesis at 1400 h (5 h postfeeding). Ruminal pH was determined immediately under magnetic stirring with a digital pH-meter (Ag/AgCl electrode, model CG840B, Schott Gerate, Mainz, Germany). The liquid was then filtered (250-µm nylon filter) and a first sample of 5 mL of liquid was conserved with 0.5 mL of 5% H 3 PO 4 for VFA analysis. A second 5-mL liquid sample was kept without preservative for lactic acid analysis.
Volatile fatty acids were analyzed by gas chromatography (GC 8000, Carlo Erba, Milan, Italy) according to the method of Jouany (1982) , using 4-methylvaleric acid as the internal standard; d-and l-lactate were determined using a commercial kit (d-/l-lactic acid, Roche Diagnostics, Meylan, France), and protozoa were counted using a Dollfuss cell (Elvetec, Clermont-Ferrand, France).
Enteric CH 4 Production. Methane production was determined for 5 d in wk 5, using the sulfur hexafluoride (SF 6 ) tracer technique (Johnson et al., 1994; Martin et al., 2008) . Brass permeation tubes (12.5 mm × 40 mm i.d.) weighing approximately 32 g were loaded with approximately 600 mg of SF 6 at liquid N temperature (−196°C) and calibrated by regular weighing (twice each week) for an 8-wk period. Tubes were kept immersed in a water bath at 39°C. Permeation rate of SF 6 from the tubes was 1.621 ± 0.051 mg/d. A calibrated permeation tube was dosed per os into the rumen of each bull 2 wk before sampling gas in period 1. Representative breath samples from each animal were sampled in preevacuated (91.2 kPa) yoke-shaped PVC collection devices (approximately 2.5 L) by means of capillary and Teflon tubing fitted to a halter. The end of the sampling tube was maintained close to the nostrils. The collection devices were changed every 24 h before the morning feeding. The devices containing the samples were immediately transported to the laboratory and overpressured with N 2 gas to approximately 142.0 kPa before SF 6 and CH 4 analyses. Background concentrations of these gases were also measured in ambient air samples collected every day in the shed during the same 5-d sampling period. Daily CH 4 production by each animal was calculated using the known permeation rate of SF 6 for each animal and the concentrations (above the background) of SF 6 and CH 4 in the breath samples: CH 4 (g/d) = SF 6 permeation rate (g/d) × [CH 4 ]/ [SF 6 ], where gas concentrations are expressed in micrograms per cubic meter.
Concentrations of SF 6 and CH 4 in breath and ambient air samples were determined by gas chromatography. A gas chromatograph (CP-9003, Varian-Chrompack, Les Ulis, France) fitted with an electron capture detector and a gas chromatograph (Autosystem XL, Perkin Elmer instruments, Courtaboeuf, France) fitted with a flame-ionization detector were used to determine the concentrations of SF 6 and CH 4 , respectively. The samples were run on chromatographs equipped either with a Molecular Sieve 0.5-nm column (3 m × 3.2 mm i.d.; Alltech, Templemars, France) maintained at 50°C for the SF 6 analysis or with a Porapak N 80 to 100 mesh column (3 m × 3.2 mm i.d.; Alltech) maintained at 40°C for the CH 4 analysis. The flow rate of the carrier gases was 30 mL/min of N 2 for the SF 6 analysis and 40 mL/min of He for the CH 4 analysis. Chromatographic analyses were performed after calibration with standard gases (Air Liquide, Mitry-Mory, France) for SF 6 (195 ppt) and CH 4 (100 ppm).
Statistical Analyses
All data were analyzed as a Latin square design using the MIXED procedure (SAS Inst. Inc., Cary, NC). The statistical model included period and diet as fixed effects and animal as a random effect. One animal had an infectious disease in period 3 on the hay diet; because this caused a sharp decline in intake, the animal was removed from the statistical analysis for this period. Overall differences between diets were considered to be significant when P < 0.05.
LCA
Contribution to climate change associated with the 3 diets was evaluated using an LCA approach (Guinée et al., 2002) . In the inventory analysis phase, inputs from the environment (resources used) and outputs to the environment (emissions) associated with the product are listed. In the impact assessment phase, inputs and outputs are interpreted in terms of environmental impact (Guinée et al., 2002) . The originality of our LCA was the association of data provided by the experiment (enteric CH 4 and dietary and fecal data used to improve the estimate of manure GHG) with data available in databases (emissions from feeds).
The LCA of the diets was limited to the production of the components of the diets (natural grassland hay, corn silage, wheat straw, corn grain, soybean meal), the production of inputs used to produce these components (e.g., diesel, tractors, fertilizers), and all transport stages, including the transport of the components to the farm where they were consumed by the bulls ( Figure  1 ). Data concerning resource use and emissions associated with the production and delivery of several inputs for crop production (fertilizers, pesticides, tractor fuel, and agricultural machinery) were from the Ecoinvent database, version 2.0 (Nemecek and Kägi, 2007) . We assumed that soybean was produced in Brazil because 60% of the soybean meal imported in France comes from Brazil (ISTA Mielke, 2009). Impacts associated with soybean production, including CO 2 emission associated with the change in land use from forest to soybeans, were estimated according to the method of da Silva et al. (2010) . Hay yields and cropping practices (dates of sowing and harvesting, amount of fertilizer and number of applications, and pesticides and machinery used) were determined according to data provided by French extension service (Institut de l'Elevage) reports. For other crops, inputs used were based on French government statistics (AGRESTE, 2006) and on yields averaged from 2004 to 2007.
For the processes of transformation of crop products into feed ingredients, data were based on the report of Nemecek and Kägi (2007) for drying of maize, and on the reports of Nemecek and Kägi (2007) and Jungbluth et al. (2007) for the production of soybean meal. Soybean transformation yields 2 coproducts: meal and oil. For these products, resource use and emissions were allocated according to the economic value of the products. Economic values for coproducts were calculated using extraction rates (the amount of processed product obtained from the parent product, in percentage terms) and costs. Extraction rates were taken from FAO (2002) For subsequent life cycle stages (i.e., the feeding of the bulls), the environmental inventory was limited to emissions of enteric CH 4 and emissions from manure. These emissions by animals were taken from the experiment. For enteric CH 4 , values measured by the SF 6 method were used. For emissions of manure CH 4 , calculations were made according to data from IPCC (2006) using Eq. 10.23, Eq. 10.24, and Table 10 .17, assuming that slurry was stored at 15°C and had no natural crust cover, with the effective data of DMI, excreta DM, OM digestibility, dietary GE, and excreta ash measured in the digestibility trial in replacement of theoretical data from IPCC (2006) . For emissions of manure N 2 O, calculations were made according data from IPCC (2006) using Eq. 10.25, 10.26, 10.27, and 10.31 with measured N intake, and with N retained according to data from Garcia et al. (2007) .
Carbon sequestration has been estimated for grasslands as 200 kg of C per hectare and per year, (i.e., 730 kg of CO 2 -equivalent per hectare and per year), which is the average for grasslands older than 30 yr estimated by Dollé et al. (2009) from measurements of C in soils summarized by Arrouays et al. (2002) . Potential variation in soil C was not taken into account for the annual crops considered in this study, such as conventionally tilled corn and corn silage and soybeans because C sequestration probably does not occur with annual crops. Land occupation, which allows the calculation of the surface of each crop necessary for feed production, was calculated from data on crop yields. In summary, the effects for the diets were calculated from the emissions and resources used to produce the diet components, complemented with measured data for enteric CH 4 and calculated emissions of manure CH 4 and N 2 O. The effect on climate change was calculated as global warming potential on a 100-yr basis, with coefficients 1, 25, and 298 CO 2 -equivalents for CO 2 , CH 4 , and N 2 O, respectively (IPCC, 2007) .
Life cycle assessment for the different diets was made for typical French bull-fattening farms, and not for the conditions of the research center, which is not situated in a bull-fattening area. Hypotheses on the farm situation and on the origin of feeds are as follows. The most probable French production areas corresponding to the 3 dietary treatments are central France (Auvergne) for the hay diet, the northwest of France (Brittany) for the CS diet, and the southwest of France (Aquitaine) for the CG diet. This choice avoids the bias that could occur if a unique place had been taken for the 3 diets. As a consequence, our results compare production systems in practical conditions. For Auvergne, hay is produced on farms, corn grain is transported more than 70 km by truck, and soybean meal is transported by truck from the Bordeaux seaport (510 km). For Brittany, corn silage is produced on farms, corn grain is transported more than 80 km by truck, and soybean meal is transported by truck from the Brest seaport (110 km). For Aquitaine, straw and corn grain are transported by truck more than 50 and 10 km, respectively, and soybean meal is transported by truck from the Bordeaux seaport (310 km).
Environmental effects have been calculated per kilogram of BW gain. Because it is not possible to accurately estimate BW gain in a 4-wk period within a Latin square design, the BW gains for each diet were derived from an experiment using 3 groups of 8 Blond d'Aquitaine bulls receiving the same diets as in this experiment over a growing period from 400 to 650 kg (Mialon et al., 2008) . Mean BW gain was 1,494 g/d for the hay diet, 1,709 g/d for the CS diet, and 1,862 g/d for the CG diet. The total BW gains for the fattening period were 261, 251, and 244 kg for the hay, CS, and CG diets, respectively.
RESULTS

Feed Intake and Digestibility
The amounts of DM, OM, and GE ingested by bulls did not differ between the 3 diets ( Table 2 ). The NDF and ADF intakes were less for animals fed the CG diet than for those fed the 2 other diets (P < 0.001), and starch intake was greater (P < 0.001). Between the hay and CS diets, intake of NDF was greater for the hay diet (P < 0.001), whereas ADF and starch intakes were similar.
Total tract digestibilities of DM and OM were less (P = 0.026 and P = 0.008, respectively) for the hay diet than for the CS or CG diet (Table 3) . Digestibility of NDF was greatest for the hay diet, intermediate for the CS diet, and least for the CG diet (P = 0.017), and ADF digestibility was similar between the hay and CS diets and greater than for the CG diet (P < 0.001). Starch digestibility was similar for all diets.
Rumen Fermentative Variables
The rumen pH differed between diets (Table 4 ; P < 0.001). As expected from differences in dietary starch, it was less for animals fed the CG diet compared with the 2 other diets. Bulls fed the hay diet tended (P < 0.001) to have lower ruminal pH than those fed the CS diet (−0.3 pH unit). The concentrations of total VFA were similar between the 3 diets, as were the concentrations of acetate, propionate, and butyrate. Acetate:propionate ratio was numerically greater for the hay diet than for the CS and CG diets, but the difference was not significant. No difference between diets was observed in ruminal lactate concentration, which was low for all diets.
CH 4 Production
Daily enteric CH 4 production (g/d) was similar for the hay and CS diets but was less for the CG diet (P < 0.001; Table 5 ). This difference between diets was maintained when CH 4 production was expressed Means within a row with different superscripts differ significantly (P < 0.05).
1 Hay = 49% natural grassland hay + 41% corn grain + 10% soybean meal; CS = 63% corn silage + 21% corn grain + 16% soybean meal; CG = 14% wheat straw + 70% corn grain + 16% soybean meal.
2
Statistics with 6 animals for diets CS and CG, and 5 animals for the hay diet.
in grams per kilogram of DM, OM, or NDF intake or in grams per kilogram of digested DM or OM (P < 0.001). When CH 4 production was expressed in grams per kilogram of digested NDF, production was greater for CS than for the 2 other diets. Gross energy intake loss as CH 4 was 6.9% on average for the hay and CS diets, and GE loss was only 3.2% for bulls fed the CG diet. Emission of manure CH 4 per kilogram of BW or for the whole fattening period was similar for the hay and CS diets but was much greater (P < 0.001) than for the CG diet.
Excretion of OM in feces was 1,888, 1,661, and 1,462 g/d for the hay, CS, and CG diets, respectively. Estimated daily emissions of CH 4 from manure were thus less (P < 0.001) for the CG diet than for the hay diet, with the CS diet being intermediate (Table 5) . Estimated emissions of manure CH 4 per kilogram of BW or for the whole fattening period were greater for the hay diet than for the other 2 diets. On average, manure CH 4 emission represented 33, 27, and 46% of total CH 4 emission for the hay, CS, and CG diets, respectively.
LCA
Differences in manure CH 4 among diets were minor, although manure CH 4 was numerically slightly less for the CG diet than for the other 2 diets. As a consequence of differences in enteric CH 4 , total CH 4 emission was numerically greater for the hay and CS diets than for the CG diet (Table 6 ). Because of the greater BW gain with the CS diet than with the hay diet, total CH 4 emission was numerically less with the CS diet than with the hay diet when expressed per kilogram of BW gain. Total N 2 O and CO 2 emissions were numerically greater for the CG diet than for the other 2 diets, but total GHG emissions remained the least for the CG diet (Table 6 ). Total GHG emissions were numerically greatest for the CS diet when expressed per day, and for the hay diet when expressed per kilogram of BW gain. Land occupation was 15.51, 7.77, and 8.63 m 2 /yr for the hay, CS, and CG diets, respectively. For the CS and CG diets, the surfaces were only annual crops, whereas for the hay diet, it was split between 5.17 and 12.34 m 2 /yr for annual crops and grasslands, respectively; only the grassland surface was used for calculation of CG sequestration. Taking into account CG sequestration of grasslands resulted in the least GHG balance (emissions minus sequestration) for the hay diet when expressed in CO 2 -equivalents per day; GHG balance was numerically the least for the CG diet when it was expressed in CO 2 -equivalents per kilogram of BW gain. Means within a row with different superscripts differ significantly (P < 0.05).
1
Feces and urine were not separated, so DM and OM digestibility are slightly underestimated. OM excretion was used to calculate manure CH 4 emission. 2 Hay = 49% natural grassland hay + 41% corn grain + 10% soybean meal; CS = 63% corn silage + 21% corn grain + 16% soybean meal; CG = 14% wheat straw + 70% corn grain + 16% soybean meal. Means with different superscripts differ significantly (P < 0.05).
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Greenhouse gas emissions have also been calculated for the whole fattening period because the number of days of fattening was not the same: 175, 147, and 131 d for the hay, CS, and CG diets, respectively. However, because the ranking of diets was the same as when GHG emissions were expressed per kilogram of BW, results are not presented.
DISCUSSION
Effect of Diet on Enteric CH 4
The amount of CH 4 produced per kilogram of DMI with the hay and CS diets was much less than the amount of CH 4 produced with similar diets in Holstein dairy cows, using the same methodology (Martin et al., 2009) . Methane production per kilogram of DMI with the CG diet was also much less than the CH 4 produced by diets containing 87% concentrates rich in either starch or fiber in Charolais bulls (Eugène et al., 2011) . This difference may be explained by the greater starch content in the CG diet used in the present study (47% vs. 30 and 7% in Eugène et al., 2011) . High-starch diets generally result in a decline in the protozoa population, and a close negative relationship between CH 4 emission and protozoa numbers has been shown in a quantitative analysis of the literature by Morgavi et al. (2010) .
The significant decrease in CH 4 production with the CG diet compared with the other diets can be explained by different factors: 1) a methodological bias, 2) a specific effect of very large proportions of concentrates, and 3) a specific effect of corn because it is digested in the intestines to a greater extent than other cereals.
It is sometimes argued that the SF 6 method underestimates enteric CH 4 production because it does not account for the production in the large intestine. However, CH 4 emissions associated with a high-corn diet, of which a part of the digestible OM is digested in the large intestine , may be more prone to underestimation than those of other diets. The SF 6 method results in a similar amount of CH 4 as the respiratory chamber method (e.g., McGinn et al., 2006) , except when the permeation rate declines (Pinares-Patiño et al., 2008) . In our experiment, permeation rates were still in the linear phase of release and were similar among animals. The small difference between methods is due to the fate of hindgut production, of which 90% is transferred to the lungs and 10% is emitted through the anus (Murray et al., 1976) . Although SF 6 transfer to the lungs is unknown, it can be supposed that the SF 6 method accounts for most the CH 4 exhaled from the lungs. Therefore, it is unlikely that the reduced emission for cattle fed the CG diet was overestimated because of a methodological bias in using the SF 6 technique.
It is well known that an increase in proportion of concentrate in the diet decreases CH 4 emission. A metaanalysis by Sauvant and Giger-Reverdin (2007) showed a curvilinear relationship between CH 4 production and proportion of concentrate. Very low CH 4 emission was found with percentages of concentrate greater than 70%, as observed by Blaxter and Wainman (1964) and a-c Means within a row with different superscripts differ significantly (P < 0.05).
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Enteric CH 4 was measured using sulfur hexafluoride (SF 6 ), whereas manure CH 4 was estimated according to IPCC (2006 IPCC ( , 2007 guidelines (see text for details).
more recently by Lovett et al. (2003) . Diets that are very high in concentrates result in a low rumen pH (Van Kessel and Russell, 1996) , a very small number of protozoa , and a reduced fibrolytic activity (Martin et al., 2002) , which collectively decrease enteric methanogenesis. Low pH was observed in this experiment. However, the small numerical differences in VFA between diets suggest that the bacterial ecosystem was not modified to a large extent in this trial by changes in concentrate content, or that the bacterial ecosystem adapted to this diet.
Beef cattle fed corn grain have been found to produce less CH 4 compared with those fed barley-based diets (Beauchemin and McGinn, 2005) . However, Moe et al. (1973) did not report any change in CH 4 production from cows fed corn or oats. Compared with other cereals used in ruminant diets, corn is digested to a greater extent in the intestines because of reduced rumen degradability, especially with high-concentrate diets . However, compared with wheat, corn has been shown to have greater pH and cellulolytic activities in the rumen of bulls . Thus, it is unlikely that the negative effect of corn on rumen methanogenesis through a decrease in cellulolysis was more pronounced than that of other cereals.
Methane production per kilogram of DMI was numerically, but nonsignificantly, less for the hay diet than for the CS diet, with these diets having similar proportions of starch. Although positive relationships between dietary NDF and CH 4 production have been shown (Pinares-Patiño et al., 2003) , there is no clear effect of the nature of forage on CH 4 production. There are very few comparisons of CH 4 production between grass-based forages and corn silage in the literature. In dairy cows, we measured less CH 4 production per kilogram of DMI with a corn silage diet than with a hay diet in 2 successive experiments (Martin et al., 2009 ). McCourt et al. (2007 observed less CH 4 production in dairy cows when fed a grass silage as compared with a corn silage diet, whereas Van Vugt et al. (2005) did not observe any change in CH 4 production between cows fed a corn silage vs. a white clover silage diet. In addition, Kirchgessner et al. (1994) showed that diets based on corn silage and fed to dairy cows produced more CH 4 per day than diets based on grass hay or silage, but no information is available on the percentage of concentrates in these diets. In the present experiment, System boundaries are specified in Figure 1 . Some sources of GHG (building, on-farm energy costs, and manure spreading) were excluded from the assessment.
2 Hay = 49% natural grassland hay + 41% corn grain + 10% soybean meal; CS = 63% corn silage + 21% corn grain + 16% soybean meal; CG = 14% wheat straw + 70% corn grain + 16% soybean meal.
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The slight difference between total GHG and the sum of CH 4 , N 2 O, and CO 2 is the contribution of the other GHG to industrial processes associated with production and maintenance of the infrastructure (tractors, for energy production) and inputs such as mineral fertilizer. the similar content in fiber and the absence of significant variation both in fermentable carbohydrates and in ruminal pH and VFA between the CS and hay diets suggest few differences in the rumen microbial ecosystem. However, the ruminal sampling by rumenocentesis may have decreased the sensitivity of pH and VFA determinations.
Effect of Diet on Total GHG Emissions
The LCA allows a comparison between feeding systems, with the hypothesis that sources of GHG excluded from the analysis do not vary among systems: building, on-farm energy costs, manure spreading. Differences in CH 4 from manure storage are related to the amount of fecal OM and are negatively related to diet digestibility. Knowing the diet digestibility improves the accuracy of estimations of emissions of CH 4 from manure; however, if and how the manure is stored is the major factor in variation that influences manure emissions (IPCC, 2006) . Nitrous oxide and CO 2 were greatest for the CG diet, and there were few differences between the other 2 diets. This was due to the greater emissions of these 2 gases associated with concentrates produced off farm as compared with forages produced on farm.
Our system is limited to the fattening phase, similar to a feedlot finishing phase. For this reason, comparison with complete beef production systems, including the cow-calf phase is not easy. Total systems also sum emissions because of the cow and calf being part of the complete beef cycle. The GHG emissions for a whole beef system including the contributions of cows, calves, and heifers have been calculated as 11 and 15 kg of CO 2 -equivalents per kg of BW gain by Casey and Holden (2006) and Veysset et al. (2010) , respectively, and much greater values, ranging from 16 to 27 kg of CO 2 -equivalents per kilogram of BW gain according to the level of intensification, were reported in a study by Nguyen et al. (2010) . These differences show the extreme variability of results related to the boundaries of the systems and to the hypotheses for farming practices. This also provides evidence that in complete sucker-beef systems, the fattening phase accounts for less than one-half of the total GHG emissions: on average 37% according to Pelletier et al. (2010) . When the fattening phase is considered alone, the mean amount of CO 2 -equivalents per kilogram of BW gain is less in the current study than in the US feedlot system studied by Phetteplace et al. (2001) , in which it was found to be close to 6 kg. The very low CH 4 emission can be due to the equation that has been chosen; the high emission of the other 2 gases may be due either to greater inputs in the US systems or to a more complete system than our system, including manure spreading (which results in N 2 O emission) and buildings and on-farm fuel consumption (which result in CO 2 emission). Another estimation for a US feedlot beef system, with a rough methodology, is 15 kg of CO 2 -equivalents per kilogram of beef (i.e., approximately 8 kg of CO 2 -equivalents per kilogram of BW gain; Subak, 1999) . A very large value of 13 kg of CO 2 -equivalents per kilogram of BW gain was reported by Ogino et al. (2004) for a Japanese concentrate-based beef fattening system. This system was based on a very long fattening period (20 mo, with a BW gain close to 750 g/d) and importation of all concentrates and some forages from the United States. These comparisons show the large differences between feedlot systems.
To our knowledge, our trial is one of the first in which GHG emissions have been compared in beef production for different diets. It is generally considered for dairy systems that intensification of production has a limited effect on total GHG emission per kilogram of milk . The strong decrease in enteric CH 4 was compensated for only in part by the increase in other GHG because of the greater input use for feed production.
Taking into account CG sequestration of grasslands results in a benefit for the hay diet, but the compensation in terms of emissions is moderate. However, the value that we have taken for CG sequestration may have been underestimated. It was estimated as 500 kg of CG per hectare and per year by Dollé et al. (2009) when grasslands were less than 30 yr old; the range of 120 to 400 kg of CG per hectare and per year proposed by Pelletier et al. (2010) and the figures given by Holmes-Ling and Metcalfe (2008) are greater than 200 kg of CG per hectare and per year. In addition, the values we have taken are much less than the CG sequestration obtained by measurements of CG fluxes in European grasslands when using the eddy covariance (Soussana et al., 2010) .
The greatest land occupation with the hay diet, which is characteristic of forage-based diets (Nguyen et al., 2010) , is detrimental for this system, considering the competition for land between grassland and crops dedicated to human food or biofuels. However in Europe, hay-based diets for bull fattening are used only in semimountainous or mountainous areas, and in this case, grasslands are in competition only with forests, which store more CG than grasslands but do not contribute to human food.
In summary, our results show that a very high concentrate diet for finishing young bulls (86%) strongly decreases CH 4 emission, expressed in grams per day or per kilogram of DMI, compared with diets based on hay:concentrates (49:51) and corn silage:concentrates (63:37). However, this difference is partially compensated for by greater emissions of N 2 O and CO 2 calculated by an LCA approach with the concentrate-rich diet, especially when soil C sequestration is taken into account. AFNOR. 1985 
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